Glyceraldehyde-3-phosphate dehydrogenase is regulated by ferredoxin-NADP reductase in the diatom
).
The evolutionary history of diatoms has resulted in a genome that differs from those of the better studied cyanobacteria, green algae and higher plants (Armbrust, 2009; Moustafa et al., 2009 ) giving rise to a characteristically different metabolism (Allen et al., 2011; Ast et al., 2009; Fabris et al., 2012; Kroth et al., 2008; Obata et al., 2013; Wilhelm et al., 2006) .
Chloroplastic glyceraldehyde-3-phosphate dehydrogenase (GAPDH, EC 1.2.1.12), is a key enzyme within the Calvin cycle that catalyzes the reductive dephosphorylation of 1,3-bisphosphoglyceric acid (BPGA) to produce glyceraldehyde-3-phosphate (GAP) and inorganic phosphate, using NADH or preferentially NADPH (Trost et al., 2006) . GAPDH has a strategic position within cell metabolism because GAP is an intermediate in many metabolic pathways, therefore GAPDH needs to be highly regulated. In cyanobacteria, green and red algae and higher plants, GAPDH and phosphoribulokinase (PRK, EC 2.7.1.19) are downregulated by forming a ternary complex with CP12 (Carmo-Silva et al., 2011; Graciet et al., 2003; Howard et al., 2011; Marri et al., 2008; Oesterhelt et al., 2007; Wedel and Soll, 1998) .
CP12 is a small intrinsically disordered protein of about 8.5 kDa that is found in most photoautotrophs and cyanophages (Gontero and Maberly, 2012; Groben et al., 2010; LopezCalcagno et al., 2014; Stanley et al., 2013; Thompson et al., 2011) . The GAPDH-PRK-CP12
complex is well-characterized structurally and is responsible for inactivating the Calvin cycle in the dark (Avilan et al., 2012b; Fermani et al., 2012; Matsumura et al., 2011) .
Despite the intriguing evolutionary features of diatoms and their importance in global primary productivity, relatively little is known about how their key enzymes are regulated.
GAPDH from a freshwater diatom, Asterionella formosa, is known to interact with CP12 and consequently is redox-regulated (Erales et al., 2008) . However, unlike other groups of algae, GAPDH from many chromalveolates is inhibited by NADPH in crude extracts and PRK is not redox-regulated Michels et al., 2005) . The aim of this work was thus to determine the mechanism underlying the regulation of GAPDH in a diatom using A. formosa as a model.
RESULTS

Differential regulation of GAPDH activity
GAPDH in crude extracts was (i) strongly inhibited by incubation with NADPH and, (ii) stimulated by incubation with the reducing agent, DTT, or with NADP ( Figure 1A ). The addition of DTT to the GAPDH assays rapidly produced maximal activities in all treatments ( Figure 1B ). In contrast, the activity of the GAPDH-CP12 complex, purified as in (Erales et al., 2008) , was not affected by incubation with NADPH, but incubation with DTT and NADP still stimulated GAPDH activity ( Figure 1C ). Progress curves for these treatments showed that when DTT was added to the assay, the activity of the control and NADPH-treated sample was stimulated while the NADP-treated and DTT-treated samples were unaffected ( Figure 1D ).
The GAPDH-CP12 complex was then dissociated to produce GAPDH without CP12, (Figure 2 ). Two peaks were observed using size-exclusion chromatography. The protein in the first peak had a molecular mass of about 150 kDa and had NADPH-dependent GAPDH activity. This corresponded to the tetrameric form of GAPDH since using mass-spectrometry, the molecular mass of the monomer was 36.7 kDa (Mekhalfi et al., 2012) and is hereafter referred to as 'GAPDH-alone'. This protein was homogeneous under SDS gel-electrophoresis and migrated with an apparent molecular mass of about 47 kDa as has been observed before ((Erales et al., 2008) ; Figure 2B ). Quantitative Edman sequencing of this sample gave an estimated GAPDH purity of 86%, in agreement with the silver stained gel that showed only one major band. The protein in the second peak was recognised by antibodies raised against CP12 from C. reinhardtii (see insert, Figure 2C ). It was not possible to detect any band for this peak under SDS-PAGE, and so MALDI-ToF analysis was performed. The molecular masses determined by size-exclusion chromatography (Figure 2A , ~8.4 kDa) and MALDIToF ( Figure 2C , m/z of 8578.062 for the singly-charged ion) are consistent with the known molecular mass of this protein. Although it is unusual for an intrinsically disordered protein to migrate according to its actual molecular mass on a size-exclusion gel, a similar result has been found for a well-characterized CP12 from C. reinhardtii that elutes at about 30 kDa when alone (Kaaki et al., 2013) but at 8.5 kDa immediately after dissociation from the GAPDH-CP12 complex (B. Gontero and C. Puppo, unpublished results). Incubation of GAPDH-alone with NADPH, DTT or NADP had no effect on its activity and all progress curves were similar ( Figure 1E ,F).
The redox-regulation observed in the GAPDH-CP12 complex is consistent with an interaction with CP12. However, the cause of the inhibition of GAPDH by NADPH within the crude extracts was unclear and could involve interaction with proteins, or small molecules such as metabolites. To distinguish between these possibilities, small molecules were removed from crude extracts by ammonium sulfate precipitation and size-exclusion (Zanetti and Forti, 1966) and co-immunolocated with GAPDH in pea (Negi et al., 2008) . The addition of commercial FNR from Spinacea oleracea inhibited GAPDH activity by 40% under oxidizing conditions when NADPH was present (data not shown), and the effect was abolished by addition of DTT in agreement with the patterns observed in Figure 1 . This inhibition is consistent with a possible interaction between these proteins and to check this, the affinity between spinach FNR and GAPDH-CP12 was measured using surface plasmon resonance. There was a strong interaction between GAPDH-CP12 and FNR with a very low dissociation constant (K D ; Table 1 ). In the presence of NADPH, K D was even lower and the association rate constant between FNR and GAPDH-CP12 (k a ) was about 4-fold greater. In the presence of NADP, or DTT, attempts to fit the curves gave standard errors that were higher than the parameters thereby indicating that binding was not occurring (Table 1) .
Isolation and identification of a GAPDH-CP12-FNR-complex
Although the observed strong binding and inhibition of GAPDH from A. formosa by spinach FNR is circumstantial evidence for an interaction, the diatom FNR sequence is only about 45 to 49% similar to higher plant FNR (Table 2) . Therefore, attempts were made to purify FNR to check if it also inhibited GAPDH. Furthermore, since GAPDH from A. formosa had a high affinity for spinach FNR in the presence of NADPH, attempts were also made to detect and characterize a GAPDH-CP12-FNR complex using this metabolite throughout the purification.
Several lines of evidence are consistent with the presence of this complex. Firstly, in the presence of NADPH, GAPDH and FNR activities were detected in the same fractions following anion-exchange chromatography ( Figure 4A ) and subsequent size-exclusion chromatography ( Figure 4B ), but in the presence of NADP they eluted in separate fractions ( Figure 4C ). The presence of FNR and GAPDH within the same fraction ( Figure 4B ) was confirmed unambiguously using an Orbitrap mass spectrometer following digestion with trypsin where the five top proteins were identified as either GAPDH or FNR using MASCOT search and a heterokont database. Secondly, the estimated molecular mass of the GAPDH-CP12-FNR fraction of about 299±13 kDa ( Figure B ), based on size-exclusion chromatography is higher than the molecular masses of about 140±15 kDa for GAPDH-CP12
( Figure 4C and (Erales et al., 2008) ) and 110±26 kDa for FNR observed when the GAPDH-CP12-FNR fraction was disrupted with NADP. Although we cannot rule out NADPH-induced self-oligomerization of GAPDH and/or FNR, surface plasmon resonance measurements show that these two enzymes are able to interact (Table 1) , kinetic experiments show that FNR affects GAPDH activity in the presence of NADPH and size-exclusion chromatography shows that the two enzymes co-elute. Therefore these results provide multiple lines of evidence for the existence of a complex. Thirdly, CP12 must be present because the redoxregulation of GAPDH requires CP12 (Figure 1 ), and DTT was required to activate GAPDH ( Figure 4 ). In contrast, while in most photosynthetic organisms, PRK co-purifies with GAPDH, here PRK activity was not detected in the disrupted GAPDH-CP12-FNR fractions, nor was the protein detected using Orbitrap mass spectrometry.
The FNR produced by disrupting the GAPDH-CP12-FNR complex was homogeneous under SDS-PAGE ( Figure 4D ) and Edman sequencing showed that FNR comprised 60% of the total protein fraction. The molecular mass of FNR on the SDS-PAGE was about 37 kDa.
We confirmed that FNR from A. formosa also inhibits GAPDH and the extent of inhibition of GAPDH-CP12 by FNR from A. formosa was similar to that found with spinach FNR ( Figure   5A ).The inhibition was relieved by DTT addition (data not shown) as for Spinacia FNR. PRK and RubisCO had no effect on GAPDH and although GAPDH was inhibited by FNR, the presence of GAPDH did not inhibit FNR.
It is possible that superoxide-based regulation of NADPH could be the cause of the GAPDH inhibition since NADPH could reduce the flavin of FNR with electrons transferred to oxygen. However, experiments performed under anaerobic conditions, with FNR from A.
formosa, produced similar results to those in the presence of oxygen (data not shown).
N-terminal sequences of A. formosa GAPDH and FNR
Edman sequencing degradation of the purified GAPDH and of the purified FNR, allowed the N-terminal sequences of the first 15 amino acid residues of GAPDH and FNR to be identified.
The sequences of the mature proteins from A. formosa were aligned with published sequences derived from marine diatom genomes. There was a very high degree of homology between the N-terminal sequence for A. formosa and three published diatom sequences (Table 3) , of 87% similarity for GAPDH and between 80 and 93% similarity for FNR. A possible CP12 sequence, AAKPAD, was found in the amino acids derived from N-terminal sequencing of the GAPDH-CP12 complex, but CP12 could not be unambiguously identified because of the high variability of the CP12 N-terminus . Quantitative Edman analysis of the GAPDH-CP12-FNR fraction gave a ratio of two moles of GAPDH to one mole of FNR.
This could be consistent with a composition of 1 tetramer of GAPDH to 1 dimer of FNR to fit within the molecular mass obtained by size-exclusion chromatography while allowing for the presence of CP12.
DISCUSSION
Regulation of biochemical pathways is essential to match metabolic rates to the supply of resources, to prevent futile cycling and to ensure homeostasis (Giordano, 2013) . It is being increasingly recognized that supra-molecular complexes are involved in the regulation of many metabolic pathways including glycolysis (Graham et al., 2007) , the Krebs cycle (Srere, 1987) , the Calvin cycle (Gontero et al., 2006) and in the primary phase of photosynthesis (Joliot and Johnson, 2011) . For instance, during cyclic electron transfer, FNR, that catalyzes the reversible electron transfer between ferredoxin and NADP(H) in the last step of the photosynthetic electron chain (Carrillo and Ceccarelli, 2003) , can form a complex with cytochrome bf in higher plant chloroplasts (Joliot and Johnson, 2011) . In carbon assimilation, one of the most well-studied complexes involves the association between two Calvin cycle enzymes, GAPDH and PRK, along with the small chloroplast protein CP12 (Howard et al., 2008; Trost et al., 2006) . This complex is widespread having been found in cyanobacteria, red algae, green algae and higher plants (Avilan et al., 2012b; Fermani et al., 2012; Matsumura et al., 2011; Oesterhelt et al., 2007) . In diatoms, only the binary GAPDH-CP12 complex has been detected so far (Erales et al., 2008) and GAPDH is up-regulated when reduced and, as shown here, by NADP, as found in other photosynthetic organisms (Marri et al., 2005) .
We report here that in the diatom, A. formosa, the GAPDH-CP12-PRK complex is absent and instead, GAPDH from the Calvin cycle forms a complex with CP12 and FNR from the photochemical phase of photosynthesis. Edman degradation produced the N-terminal amino acid sequence of FNR and GAPDH and these align with those derived from genomic analysis. These sequences allow the start of the mature proteins to be identified for the first time. To confirm the in vivo interaction, additional methods such as yeast two-hybrid and fluorescence resonance energy transfer are needed, but these require the knowledge of genes sequences which at the moment are unavailable in A. formosa. Genome sequencing of this diatom is currently under investigation.
However, the existence of the GAPDH-CP12-FNR complex explains the previously observed inhibition of GAPDH by NADPH in diatoms, and other chromalveolates, a broad group including chrysophytes, cryptophytes, haptophytes and dinoflagellates, under oxidizing conditions (Avilan et al., 2012a; Boggetto et al., 2007; Maberly et al., 2010) . This inhibition was also observed in the desmid Staurastrum cingulum . In higher plants, immunological studies have shown that many Calvin cycle enzymes, including GAPDH and FNR, are associated with thylakoid membranes (Agarwal et al., 2009; Negi et al., 2008; Sainis et al., 2003; Suss et al., 1993) . Furthermore, a docking model has shown that it is theoretically possible for GAPDH to form a complex with FNR in Pisum sativum (Negi et al., 2008) . It is therefore possible that this complex is also present elsewhere but probably with different consequences for regulation.
The detailed physiological significance of the regulation of GAPDH by complex formation with FNR, rather than with PRK in Plantae and cyanobacteria, remains to be elucidated. However, it is likely to have implications for both carbon metabolism and light harvesting and photoprotection and possibly nitrogen metabolism. With regard to carbon metabolism for example, diatom chloroplasts lack both NADP-malate dehydrogenase (EC 1.1.1.82) that controls the malate valve (Backhausen et al., 1994; Ocheretina et al., 2000; Taniguchi and Miyake, 2012) and the oxidative pentose pathway that produces NADPH in the dark (Michels et al., 2005; Wilhelm et al., 2006) . Therefore, the regulation of NADPH availability will be at a premium since it is required for e.g. fatty acid synthesis, isoprenoid synthesis, nitrite reduction and chlororespiration (Wilhelm et al., 2006) . In addition, the inhibition of GAPDH by NADPH in the dark will avoid a futile cycle with glycolysis, a pathway present in diatom chloroplasts (Fabris et al., 2012; Kroth et al., 2008) . Diatoms also lack NAD(P) dehydrogenase (NDH) and flavodiiron protein that are involved in auxiliary routes of electron flow using NADPH (Joliot and Johnson, 2011; Peltier et al., 2010) .
Moreover, in diatoms the de-epoxidation state of the diatoxanthin-diadinoxanthin cycle is maintained in the dark and also requires NADPH (Cruz et al., 2011) . Therefore, in the dark, switching off GAPDH, the major consumer of NADPH, may be crucial in diatoms.
Diatoms evolved relatively recently, perhaps as early as 250 Ma ago, but are one of the most successful groups of algae comprising over 200,000 species found in virtually all habitats on Earth and responsible for about 20% of total global productivity (Armbrust, 2009 ).
They have a very different evolutionary history compared to other algal lineages, with genes originating from bacteria, red and green algae and animals (Armbrust et al., 2004; Bowler et al., 2008; Moustafa et al., 2009; Wilhelm et al., 2006) . For example, in diatoms, like in other chromalveolates, the atypical chloroplastic GAPDH, GapC1 (Takishita et al., 2009) , is believed to be derived from a NAD-specific, cytosolic enzyme (Liaud et al., 2000) . The differential regulation of their Calvin cycle enzymes (Boggetto et al., 2007; Maberly et al., 2010; Michels et al., 2005) , and in particular the new complex between GAPDH and FNR reported here, is likely to be one of the factors that affects their ecological niche and success.
METHODS
Culture Conditions
Asterionella formosa (CCAP 1005/19) was grown at 16.5°C, under agitation in Diatom Medium (Beakes et al., 1988) , at about 50 µmol photon m -2 s -1 (400 to 700 nm) under a 14/10 hours light/dark regime.
Production of Crude Extract and Enzyme Purification
Cells were harvested at the end of the dark period by centrifugation at 3750 g for 15 min at 4°C. The crude extracts were prepared following (Erales et al., 2008) in buffers containing 0.1 mM of either NAD or NADPH.
To obtain the GAPDH-CP12 complex, the crude extract was purified using ionic exchange, size-exclusion and hydroxylapatite chromatography as described in (Erales et al., 2008) . The GAPDH-CP12 complex was dissociated by incubation with 20 mM DTT and 15
µM BPGA for 20 min at 30°C and then 0.45 mg of protein was loaded again onto a Sephacryl S300 size-exclusion column (height = 42 cm, diameter = 1 cm) equilibrated with 30 mM Tris, 2 mM EDTA, 0.1 M NaCl, 2 mM cysteine, 0.1 mM NAD, pH 7.9. Two main peaks were observed, collected separately and concentrated. The peak corresponding to pure GAPDH was concentrated using Vivaspin (30 000 MWCO, PES, Sartorius) and the peak corresponding to CP12 was concentrated using Spin-X (5k MWCO, Corning). The size-exclusion column was calibrated with aldolase (150 kDa), bovine serum albumin (68 kDa) and cytochrome c (12.5 kDa) from bovine heart (Sigma). Absorbance at 280 nm was used to indicate the amount of protein in eluted fractions.
The GAPDH-CP12-FNR complex was purified using ion-exchange and size-exclusion chromatography (Sephacryl S300, height 90 cm, diameter 2.6 cm) including 0.1 mM NADPH in all steps. Purified FNR was produced from the GAPDH-CP12-FNR complex by dissociation with 20 mM DTT for 20 min at 30°C followed by separation on a Sephacryl S300 size-exclusion column (height 90 cm, diameter 2.6 cm) in the presence of 30 µM NADP. Fractions were collected separately and concentrated using Vivaspin (30 000 MWCO, PES, Sartorius). The size-exclusion column was calibrated with RubisCO (550 kDa), GAPDH (150 kDa); spinach PRK (80 kDa) and Peroxidase (50 kDa).
SDS-PAGE and Dot Blot Experiments
SDS-PAGE (12% acrylamide) was carried out in a Bio-Rad Mini Protean system. Proteins were stained with Coomassie Brilliant Blue R250 or silver nitrate. The second peak, obtained after the disruption of the GAPDH-CP12 complex, was blotted onto a nitrocellulose membrane (0.45 µm, Schleicher and Schüll, Dassel, Germany) as described in (Erales et al., 2008 ) but using recombinant Chlamydomonas reinhardtii CP12 antibodies (1:5 000 dilution).
The reliability of the antibodies was checked by reaction with CP12 from C. reinhardtii.
Activity Measurements and Kinetic Analysis
NADPH-dependent activity of GAPDH was measured as described in (Graciet et al., 2004) .
FNR activity was measured with 0.3 mM 2,6-Dichloroindophenol (DCIP; Sigma) and 0.15 mM NADPH, at 600 nm using an extinction coefficient of 20 mM -1 cm -1 to follow the decline in DCIP concentration. Protein concentrations were assayed with the Bio-Rad (Hercules, CA, USA) protein dye reagent, using bovine serum albumin as a standard (Bradford, 1976) .
NAPDH-GAPDH assays of crude extracts, co-purified GAPDH-CP12 and purified GAPDH, were incubated for 20 min on ice before measurement as follows: (i) without addition (untreated), (ii) with 20 mM DTT, (iii) with 1 mM NADP or (iv) with 1 mM NADPH. When GAPDH was inhibited by NADPH, reactivation was carried out by adding 10 mM reduced DTT to the same cuvette to distinguish between inhibition and inactivation.
Experimental data were fitted to theoretical curves with Sigma Plot v 11.0 (Systat Software GmbH, Erkrath, Germany).
To test the effect of the addition of potential protein partners on the activity of the GAPDH-CP12 preparation, GAPDH-CP12 (6 µg) was incubated for 20 min at room temperature with 10 µg of: FNR from Spinacia oleracea (Sigma F0628), recombinant PRK from Chlamydomonas reinhardtii (Avilan et al., 1997) , RubisCO from A. formosa, or BSA (Promega, Madison, USA) in the presence or absence of 1 mM NADPH. A control was carried out with GAPDH-CP12 alone in the same conditions. DTT was then added into the cuvettes at a final concentration of 10 mM. Identical tests were performed with A. formosa FNR (24 µg) purified as described above under aerobic and anaerobic conditions using nitrogen-bubbled solutions and an anaerobic glove box (Jacomex, Dagneux -France) with an oxygen concentration of less than 7 ppm.
Proteins were separated from other components to test whether the inhibition effect of NADPH within the crude extract was linked to the presence of small molecules. The crude extracts were incubated with ammonium sulfate (661 g L -1 ) at 4°C for 20 min. The samples were centrifuged ) at 4°C for 60 min at 13 528 g and the pellet was resuspended in extraction buffer and passed through a Sephadex® G-25 size-exclusion column (PD10, GE Healthcare Life Sciences). The fractions corresponding to the void volume of the column (2.5 to 3.0 mL) were collected and later analyzed for GAPDH activity.
Surface Plasmon Resonance Measurement
Spinach FNR (50 µg mL -1 ) was coupled through its amine groups to a carboxymethyl dextran-coated biosensor chip (CM5, Biacore, GE Healthcare) following the manufacturer's instructions. About 200 RU (resonance unit) were immobilized. The interaction with copurified GAPDH-CP12 was studied at 23°C and 30 µL min -1 with a Biacore T100 using 10 mM HEPES, 50 mM NaCl, pH 7.4 as running buffer with (i) 0.2 mM NADPH; (ii) 0.2 mM NADPH plus 5 mM DTT; (iii) 0.2 mM NADP. The GAPDH-CP12 concentrations spanned from 10 to 800 nM. The analyte was injected for 3 min to record the association phase, then buffer was injected for 4 min to record the dissociation phase. Global fits of the exponential curves (sensorgrams) were produced using the Biacore T100 Evaluation software (v2. 
GAPDH-CP12). The equilibrium-dissociating constant (K D ) is given by
K D = k d /k a .
Mass spectrometry analyses
The putative GAPDH-CP12-FNR complex from the size-exclusion chromatography was dialyzed (final solution 0.5 mM Tris, 1 mM ammonium bicarbonate, 0.1 mM NAD, 36 µM EDTA, 0.6 µM NaCl, pH 7.9) and reduced with 10 mM DTT in 50 mM ammonium bicarbonate, pH 8.0 for 1 h at 56°C, alkylated with 55 mM iodoacetamide in 50 mM ammonium bicarbonate, pH 8.0, for 30 min at room temperature and digested with Trypsin (Sigma) for 3 h at 37°C. The trypsin reaction was stopped by adding 12.5% TFA in water (v/v) and the peptides were dried with a speed vacuum pump. Mass spectrometry was performed on a LTQ Velos Orbitrap mass spectrometer (Thermo Fisher) equipped with a nanospray ion source and coupled to a nano UPLC Ultimate 3000 (Dionex). Dried tryptic peptides were dissolved in 2% acetonitrile/0.05% TFA in water and desalted on a C18 nano trap (Acclaim PepMap100, 100 µm x 2 cm, 5 µm, 100 Ǻ, Dionex) mounted in a 6-port valve before elution onto a C18 column (Acclaim PepMap RSLC, 75 µm x 150 mm, 2 µm, 100 Ǻ, 
Phylogenetic analyses
Sequences of GAPDH and FNR obtained were aligned with published sequences from marine diatom genomes using default values in ClustalW2
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). Percent similarity between published sequences of FNR from diatoms and Spinacia oleracea were compared using ClustalW2.
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Scientifique ( (C) Identification of CP12 by MALDI-ToF analysis and dot blot. The fractions corresponding to the second peak eluted from the Sephacryl S300 column, were pooled, concentrated and analyzed by MALDI-ToF and dot blot (see insert) using antibodies from C. reinhardtii CP12.
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Consensus symbols : * * * * : * * * * * * * * * Consensus symbols are: (*) fully conserved residue; (:) conservation between residues with strong similar properties; (.) conservation between residues with weak similar properties. The residue in parenthesis was not unambiguously determined. 
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